cretory pattern, particularly in Rodentia. This results in sexual dimorphism of liver transcripts and underpins sex-related metabolic differences [3] .
G-CSF, IL-3, IL-5 and IL-6, LIF, thrombopoietin and leptin. Of these, two closely related members of the family (erythropoietin and prolactin receptors) were, like the GHR, found to bind as homodimers to two different surfaces on the hormone, using similar binding sites on the two identical receptors. The main binding energy for GH binding to its receptor was shown to be hydrophobic energy derived from the burial of two tryptophan residues around the 4-helix bundle of GH. These tryptophans are each contributed by one of the two beta sandwich modules which comprise the extracellular part of the receptor. Their precise alignment is necessary for hormone binding, particularly for the first receptor which binds the hormone [5] . A key consequence of hormone binding to the two receptor molecules is that it facilitates binding together of the 'dimerization domain' within the lower sandwich module, which is necessary for signaling to occur [7] .
The textbook version of GHR activation by the hormone [6, 8] states that the two receptor subunits are dimerized in the membrane by GH binding the first receptor with high affinity, then diffusing until a second receptor is contacted, resulting in receptor dimerization and productive alignment of the dimerization domains. This brings together JAK2 tyrosine kinases bound to the proline-rich box1 sequence just below the cell membrane, and these activate each other by transphosphorylation in the kinase activation loop. Activated JAK2 then phosphorylates tyrosine residues in the cytoplasmic domain which act as recruitment points for SH2 and PTB binding modules contained in signaling proteins such as STAT5, which can themselves then be phosphorylated by JAK2, or used to recruit other signaling proteins downstream [2] . It is important to realize that the studies supporting hormone-dependent dimerization of the receptor were carried out with purified extracellular domain of the receptor, except for one study in cells showing activation by antibodies to the extracellular domain of the receptor, which used cells expressing a chimeric receptor with the GHR extracellular domain fused to the G-CSF receptor [8] .
We have recently shown that the receptor exists as a constitutive dimer in the cell membrane in an inactive state [9] . This was demonstrated by FRET and BRET, spectral techniques which allow one to measure protein association in live cells and membranes. Co-association of differently epitope-tagged receptors can also be shown by co-immunoprecipitation, and was earlier reported with truncated receptors by a Dutch group [10] . Using a series of truncation mutants, it was established that the receptors are held together by their transmembrane domains (TMD) through relatively promiscuous leucine zipper-like interactions, with specificity in dimerization partner being conferred by the extracellular domain. It appears that constitutive dimerization with the wrong cytokine receptor partner is prevented by steric hindrance by other extracellular domains. We have further explored the TMD interaction using a bacterial TMD interaction assay, the ToxR assay, which has allowed us to ascribe functional roles for particular TMD residues. This data has been supported by determining which TMD residues are able to cross-link the receptor dimers together when converted to cysteine, and in the absence of hormone. These experiments define a face of the receptor TMD which interacts in the null state [Waters et al., unpubl. data] .
If the receptor exists as a constitutive dimer in vivo, it must be activated by a conformational change induced by hormone binding. To discover what this might be we determined the crystal structure of the extracellular domain of the GHR in the absence of hormone and compared it to the published structures with hormone bound [9] . However, no major changes in conformation were apparent, although there was a twist of the upper domain with respect to the lower domain of around 8°. We looked again at the 2: 1 structure of the receptor-hormone complex and noted that receptor 1 needs to be lifted and rotated with respect to receptor 2 when bound to the hormone. This is because the hormone binding sites are placed asymmetrically. We noted that in the putative 'unbound state', the dimerization domains cannot lock together because of steric and charge clashes, and that receptor 1 must be lifted and receptor 2 rotated for this to occur (see fig. 1 for a model of receptor activation).
If the hormone-induced conformational change involves relative rotation of receptor subunits, then rotating the subunits by other means may result in constitutively active receptors. Accordingly, we introduced alanine residues into the lower part of the TMD based on the understanding that introduction of an extra residue into an alpha helix will rotate the remainder of the helix by 100° (3.6 residues/turn). We found constitutive activation of JAK2 , STAT5 and cell growth with 4 insertions, which would rotate the helix by 400° or 40° past the start point [9] . To confirm this by different means, we substituted the extracellular domain of the GHR with a put3 coiledcoil of known crystal structure, which facilitates relative movement of the TMD helices by removing helix residues at the put3-TMD fusion point, seriatum. Again we found a face of the receptor TMD which showed constitutive activity, which was around 40° rotated from the inactive face. Thus only correct apposition of the two JAK2 molecules bound below the TMD can result in initiation of signaling [Waters and Pelekanos, unpubl . data].
The implication of these studies is that a GH agonist must correctly align the receptors, facilitating locking of the dimerization domains, and an antagonist will prevent this. Such an antagonist exists, being hGH with Gly 120 substituted by a large bulky residue (e.g. G120R or G120K). These will bind to the constitutive dimer, but cannot activate it as the bulky substituent at G120 prevents proper alignment of Trp 104 in the upper domain of the second receptor, so the receptors cannot realign to lock the dimerization domains together [8] . These GH antagonists, originally discovered by serendipity in the Kopchick lab, have progressed in a suitably modified form to become a highly effective therapeutic for acromegaly [11] .
Below the Membrane: GH Target Genes
While the GH-GHR interaction is well studied, the regulation of gene expression by GH signaling in vivo has until recently been unexplored, especially with regard to the pathways regulating different actions of the hormone. In vitro, while numerous studies have mapped the cytoplasmic domains of the GHR used for controlling signaling pathways [2] , only a few GH-regulated genes have been subjected to promoter analyses to define the signaling pathways responsible for regulation of their expression by GH. This has changed recently as a result of the application of microarray technology to identify GH target genes combined with genetically engineered rodent models [12] . As stature and metabolism can really be only studied in vivo, these studies used animal models to determine which genes are being regulated by GH.
The initial study used acute GH stimulation of GHdeficient dwarf rats [13] , and identified hepatic genes immediately (1-6 h) induced by administration of GH. These included signal transducers (gp130, Stat3, p38Mapk), DNA repair proteins (Gadd45, Apen), receptor (Egfr) protease (Mt1-mmp) and metabolic regulators (Mct1, Igf1, Igfbp3, Fabp). This acute study did not offer an insight into long-term metabolic changes induced by GH. Consequently, GH replacement therapy studies were performed in aged rats [14] or hypophysectomized rats [15, 16] . However, while hypophysectomy eliminates GH secretion it also eliminates secretion of a number of other key hormones, such as TSH (thyroid-stimulating hormone), ACTH (adrenocorticotropic hormone), FSH (follicle-stimulating hormone), LH (luteinizing hormone) and prolactin, thus making it difficult to dissect the GHspecific effects. Further problems are created by the choice of the GH used (bovine vs. human) and mode of injection. Human GH activates prolactin receptors as well as GHR. Continuous administration of GH to aged or hypophysectomized rats tends to feminize the hepatic enzymes of male animals, since GH is normally secreted in large pulses in male rats [3] . A further limitation of these studies is that the replacement therapy has been relatively short, 1 week for hypophysectomized animals and 3 weeks for aged rats.
These limitations were overcome by generation of GHR-/-mouse [17] , facilitating studies of altered growth and metabolism caused by the lack of receptor or partial GH resistance. Studies by Miller et al. [18] and Rowland et al. [12] identified dysregulated genes because of a lack of GH signaling. Moreover the gene expression profile in these animals has similarities with that of aging rats, implying that the GH deficiency in aging is similar to GH Binding to site 2 realigns the receptors such that receptor 1 is raised and rotated relative to receptor 2 because of the asymmetric placement of the receptor binding sites on the hormone. This realignment is transmitted through the TMD, aligning JAK2 kinases bound to box1 of the receptor, which facilitates their activation by transphosphorylation, so initiating the GH signaling cascades.
deficiency. The linking of different signaling pathways to metabolic responses was possible after the generation of the GHR KI mice [12] . In this study the mutations in the ICD of the GHR facilitated the identification of target genes for particular signaling pathways and their effects on metabolism in the long term. Mice were created with reduced levels of GH-dependent STAT5 signaling [30% of wild type (WT) in mutant 569] or no GH-dependent STAT5 signaling (mutant 391) in response to GH stimulation. However, these mice displayed normal JAK2 activation and ERK (MAPK) stimulation with GH administration. Comparison of the mutant 391 to GHR-/-mice indicated that around 200 genes are regulated by signaling from the proximal part of the receptor, where JAK2 and ERK signaling originates.
Transcripts for metabolic enzymes, particularly involving fat metabolism and energy metabolism, are significantly altered by GH in the liver [12, [14] [15] [16] ( table 1 ) .
The general features of all these studies are low fold changes (majority up to 2.5-fold), with steroid and drugmetabolizing enzymes being the most changed (above 2.5-fold). GH injection of aged rats restored the male pattern of CYPs, induced expression of glutathione transferases, reversed the decrease in glucose-6-phosphatase expression and changed the expression of enzymes of fat and steroid metabolism. Although continuous administration of GH in hypophysectomized male rats feminizes their transcript expression to some extent, the gene expression profile still differs from the female (e.g. glucose-6-phosphate dehydrogenase, CD36, Fasn, Acs5, Scd1, G6pc), possibly because of incomplete replacement of other hormones. In general, hepatic lipid oxidation is increased by pulsatile GH (as in the male) and synthesis by continuous GH, as in the female. Hx [15] Old vs. young [14] Hx + GH [15] Males + GH vs. males a [32] Age + GH [14] bGH Tg [33] Carbohydrate/ energy metabolism 
Dissecting Signaling Pathways of the Receptor, the Role of STAT5
STAT transcription factors are regarded as the most important mediators of GH actions [2] . STAT1, 3, 5A and 5B are phosphorylated in response to GH in vitro and in vivo by JAK2, but the activation of STAT5 also requires binding of STAT5 to phosphorylated tyrosines of the intracellular domain of the receptor. Transgenic models for STATs have shown that STAT1 has no effects on growth; however, its role in other actions of GH was not investigated, STAT3-/-is embryonic lethal, STAT5a had no effect on body size, while STAT5b resulted in decreased size in males (25% smaller than WT littermates) but not in females [19, 20] . Double STAT5a/b-/-mice are further decreased in size in both sexes [21] . Mutations in the ICD of the GHR which prevent STAT5 activation decrease postnatal growth of both sexes by up to 50% in mutant 391, comparable to the 55% decrease in GHR-/-mice [12] ( fig. 2-4 ). This decrease in postnatal growth occurs because STAT5b regulates expression of Igf-1 , as evident in recent promoter analysis studies [22] as well as Igfbp3 and Igfals [12] , which stabilize IGF-1 in circulation. These results are clinically relevant as a lack of STAT5b signaling in humans results in severe short stature, as recently evident in several probands harboring mutations in Stat5b [23] . Curiously, while postnatal growth is decreased by a lack of STAT5b in mice, the extent of loss is not the same as seen in GHR-/-mice or 391 mutants unable to activate STAT5b [12, 20] . This discordance led to identify another transcription factor (HNF3 ␤ ) which is decreased in GHR-/-mice and mutant 391 mice, and which activates Igf-1, which could account for the lesser severity of growth deficit in the Stat5-/-mice [12] ( fig. 2-4 ) .
Functional effects of STAT5 on hepatic metabolism can be divided into two groups: genes regulated by sexually dimorphic signaling and genes requiring STAT5 for expression independently of the sex. The sexual dimorphism of gene expression in the liver, regulated by pulsatile GH secretion, is generated by STAT5b actions [24, 25] . In particular cytochromes P450 (CYP) are differentially expressed between the sexes, notably Cyp2c11, 2c12, 2a2, 2d9, 3a2, 3a4, and 3a10, and major urinary proteins. In GHR-/-, STAT5-/-or GHR mutant males their expression is aberrant and the levels of expression are similar to WT females, while the levels of female-specific transcripts have levels intermediate between WT males and females.
In addition to mediating of sexually dimorphic gene expression, STAT5 has been associated with regulation of metabolic gene expression, especially in relation to fat metabolism. In vitro studies have shown STAT5 to be a mediator of adipocyte differentiation [26] , and in vivo lack of STAT5a or GHR results in decreased weight of epididymal fat pads in young males [21, 26] . However, mature mice lacking GHR or the ability to generate active STAT5 become quite obese, particularly from accumulation of subcutaneous fat [27] ( fig. 5 ). This may be a consequence of the inability to generate a lipolytic response by GH, since fat pads from Stat5a/b -/-mice show no lipolytic response to GH in vitro [28] . Moreover, fatty acid synthase (Fasn) expression is repressed by STAT5a via a response element in its promoter [29] . In relation to the well-known insulin antagonistic actions of GH, the 569 mutant mice but not the 391 mutant or GHR-/-mice display insulin resistance. This is concordant with involvement of STAT5 in this phenomenon, since 569 mutants have highly elevated plasma GH (due to low plasma IGF-1) and are able to generate 30% of peak STAT5 activation in response to GH administration.
Clinical Implications

Short Stature
The recent studies showing that STAT5 activation of the IGF-1 promoter is necessary for its expression have provided a rational basis for the use of this mediator of GH action to promote statural growth in patients with GH resistance based on failure of GH to activate receptor signaling. The failure may be the result of a mutation in the receptor of which there are now over 50 identified, almost all in the extracellular domain. Alternatively, it may be a result of mutation in downstream signaling elements such as STAT5 [23] . There are additional pathways which contribute to postnatal growth however, since crosses of IGF-1-/-mice with GHR-/-mice are smaller than IGF1-/-mice alone [30] , and these pathways may involve cytokine signaling pathways other than JAK2/ STAT5 signaling. This provides an explanation why IGF-1 replacement is not as effective as GH in promoting postnatal growth in the clinical setting.
Acromegaly, Diabetic Nephropathy and Cancer: Targets for GH Antagonists
The G120-substituted hGH antagonist alluded to above was developed as a therapeutic by Genentech by increasing its binding affinity for the first receptor using phage display technology and by increasing its circulating half-life with substitution of polyethylene glycol chains. Pegvisomant or Trovert has been shown to be efficacious in the treatment of acromegaly, and superior to somatostatin in terms of IGF-1 response. Studies in experimental animals have shown promising results in the control of diabetic nephropathy and a variety of cancers, and clinical studies in this area are certainly warranted [11] . We have recently reported that an alternative to pegvisomant, modified antisense oligonucleotides to the GHR, is able to lower serum IGF-1 in mice to similar levels as pegvisomant, and inhibits long-term body weight gain in mice [31] . These remain to be clinically tested.
GH Response Markers
Currently, serum IGF-1 and to a lesser extent IGFBP3 are common short-term markers for GH responsiveness in patients with short stature. It is expected that a variety of other markers will eventuate from the microarray analyses of hepatic GH-responsive genes, as well as proteomic approaches to serum analysis. Recently, we have used NMR analysis of urine from mice harboring mutations to the GHR, and have identified changes in particular metabolites corresponding to altered transcript expression by microarray. These metabolites may provide another avenue for monitoring GH responsiveness.
Obesity
Given the extreme obesity of GHR-deficient mice, and the use of GH in the livestock industry to produce leaner pigs with decreased subcutaneous fat depots and increased muscle, one would have hoped the application of GH to human obesity would have been more successful. There is currently progress in elucidating the molecular targets of GH action in obesity, and these insights may yet provide a rational treatment for obesity.
Conclusions
Modern molecular approaches have provided new understanding of the basis for the long-known actions of GH in promoting postnatal growth and altering body composition. They have also provided new therapies and diagnostics of considerable promise. However, a specific, orally active small GH agonist able to activate the receptor by inducing the appropriate alignment of receptor subunits still remains a difficult challenge.
